Metagenomics is providing an unprecedented access to the environmental microbial diversity. The amplicon-based metagenomics approach involves the PCR-targeted sequencing of a genetic locus fitting different features. Namely, it must be ubiquitous in the taxonomic range of interest, variable enough to discriminate between different species but flanked by highly conserved sequences, and of suitable size to be sequenced through next-generation platforms.
The internal transcribed spacers 1 and 2 (ITS1 and ITS2) of the ribosomal DNA operon and one or more hyper-variable regions of 16S ribosomal RNA gene are typically used to identify fungal and bacterial species, respectively. In this context, reliable reference databases and taxonomies are crucial to assign amplicon sequence reads to the correct phylogenetic ranks. Several resources provide consistent phylogenetic classification of publicly available
INTRODUCTION
Metagenomics, which investigates microbial communities sampled directly from their environment, without the necessity to isolate or culture single organisms, is rapidly expanding with the advent of highthroughput next-generation sequencing (NGS) platforms. This approach [1, 2] , which includes the direct extraction and simultaneous analysis of the genetic material belonging to all the resident organisms, can be effectively applied to widely unravel the species diversity of microbial communities.
The metagenomics approach has been originally focused on bacterial communities. The great interest about Bacteria is fully justified by their ubiquitous and essential role in every part of life on Earth: many natural elements can be assimilated by organisms only after their bacterial-mediated conversion; all plants and animals have their own associated bacterial microbiota that makes nutrients available to them and affects many aspects of their physiology; Bacteria maintain environmental stability, clean up pollutants and can live at prohibitive conditions of pH, salinity, temperature and pressure; finally, they are inexhaustible sources of new molecules with potential use in biotechnology [1, 2] . Ideally, the region to be sequenced in metagenomic surveys of environmental bacterial communities should be the whole 16S ribosomal RNA (rRNA) gene; but, currently, the read length of NGS precludes this approach. Thus, most surveys are aimed at characterizing selected hyper-variable regions of the 16S rRNA gene, as they constitute optimal species molecular markers [3] [4] [5] [6] because the primary and secondary structures of this gene show nine hyper-variable regions flanked by relatively conserved regions [7] . Initially, it was thought that using partial sequences of the 16S rRNA gene (containing at least one hyper-variable region) would produce the same results as the use of the whole 16S rRNA gene [8] [9] [10] , but it has been shown that the choice of hypervariable region (among other factors, such as the alignment method or the distance calculation between sequences) can greatly affect the reported genetic diversity, richness and phylogenetic diversity [11] . More recent studies show that using longer reads spanning several hyper-variable regions (which is possible with the current NGS technology) can produce results comparable with those obtained using full-length 16S rRNA reads [12, 13] . In particular, depending on the technology used, it is recommended to use either the V1-V3 region or the V4-V7 region for Archaea, and the V1-V3 region or the V1-V4 region for Bacteria.
The PCR amplification of one or multiple 16S rRNA gene hyper-variable regions is usually performed by means of taxonomically universal primers, with the resulting amplicons generally subjected to high-throughput sequencing by NGS platforms. These universal primers target conserved regions in the 16S rRNA gene, but cannot match exactly in all taxa, leading to some differential amplification [14] . To correct this problem, it is recommended to use a low annealing temperature [14] , and to use different combinations of PCR primers and DNA extraction techniques [15] . Additionally, sets of primers have been designed to maximize the coverage of bacterial sequences in known databases [16] . It has been shown that both amplicon length and primer selection affect not only richness, but also evenness estimations [17] , and, moreover, it is not clear how abundance measures for different species can be compared [18] . However, there are ways to address some of these issues [19] .
Currently, the trend is to enlarge the metagenomic exploration also to fungal natural communities, eukaryotic microbes and Archaea [20] [21] [22] [23] . The essential role of Fungi as nutrient recyclers, decomposers, mutualists or pathogens in almost every terrestrial environment and their enormous biodiversity are today largely established [24] [25] [26] . At present, technological advances have led scientists to face the problem of characterizing entire fungal communities from a variety of ecological and biomedical samples. Indeed, there is a clear tendency in the recent literature to investigate entire fungal communities rather than individual strains [20, 21] . Because of the complete absence of any physical manifestation of most fungal species, which are visible only when they show fruiting-bodies or other propagation structures [27, 28] , the use of DNA taxonomical markers largely increased in recent years also for Fungi. In particular, the most popular loci to be used to discriminate mycological species are the internal transcribed spacers 1 and 2 (ITS1 and ITS2) of the ribosomal DNA operon [27, 29, 30] , but some attempts have been made by using the large subunit rRNA [31] as well. Several features make ITSs, together with the flanking rRNA genes, very suitable markers for phylogenetic studies. First, from a methodological point of view, it is relatively effortless to perform their amplification from very low quantity samples because of high copy number, which is upwards of 250 copies per cell [32] . Moreover, the typical evolutionary dynamics of the entire rDNA locus, that is, high variability of ITS regions and high degree of conservation of flanking rRNA genes [33] [34] [35] , makes it advantageous for both species assignment and phylogenetic analysis at higher taxonomic ranks [30, 36] . Finally, the described pattern of variability makes this region particularly suitable for metagenomic studies: the high-potential species-discriminating markers (ITS2 and especially ITS1) are flanked by highly conserved sequences, which allow the design of taxonomically universal primers [37] [38] [39] for the PCR amplification of the target regions.
Once amplicon libraries, from any of the markers described earlier, are obtained, their targeted sequencing through NGS platforms constitutes the next step. Problems due to the variable length of the ITS regions can be overtaken by NGS platforms able to produce longer reads, such as Roche 454 GS FLXþ.
A similar methodology can be used to analyse the NGS output and identify all the species of both bacterial and fungal origin. The most popular bioinformatics similarity-based tools for the taxonomical characterization of metagenomic datasets, such as MEGAN [40, 41] and TANGO [42, 43] , require a preliminary step in which each environmental sequence is compared with a taxonomically annotated reference collection. This is done in MEGAN [41] after first blasting the 16S sequences against the SILVA database [44] and then importing the results into MEGAN, using a synonym file that maps the SILVA accession numbers onto the NCBI taxonomy [45] .
As an alternative to alignment-based taxonomic assignment, the RDP Classifier [46] is based on the naive Bayesian classification of 8-mers and MOTHUR [47] is based on nearest neighbor searching of k-mers. These tools are widely used in metagenomics, but nevertheless, the analysis of simulated datasets [48] showed that TANGO provides a more accurate taxonomic assignment than both the RDP Classifier and MOTHUR.
Reference databases and taxonomies are essential to determine the phylogenetic affiliation of sequence reads obtained in amplicon-based metagenomics surveys. Short or long reads obtained with NGS platforms using universal primers targeting the molecular marker of choice (e.g. hyper-variable region of 16S, ITSs) are first aligned to a reference database of related sequences whose species/taxon assignment is truly known. A sequence read can be equally similar to more than one reference sequence, and these ambiguities are then solved by assigning the read to a consensus sequence, such as the lowest common ancestor of all the candidate sequences in a reference taxonomy [40, 41, 49, 50] or some more specific candidate reference sequence [42, 43, 48] .
In the absence of a reference database, or in the presence of environmental sequences from unknown organisms, taxonomic assignment is not possible and sequence reads are grouped into clusters of related species, usually called operational taxonomic units. Although undirected metagenomics is not the focus of this work, it could be used to validate the novel organisms discovered in targeted sequence surveys, as it seems that shotgun metagenomics does not have a high number of 16S chimeras [51] .
The primary source of annotated nucleotide sequences is the International Nucleotide Sequence Database Collaboration (INSDC) [52] . INSDC resources include nucleic acid sequencing data and associated information from the DNA Data Bank of Japan [53] , the European Nucleotide Archive [54] , and GenBank [55] , including the Sequence Read Archive [56] repository. NCBI also provides nomenclature and classification for all the organisms in these sequence databases [45] . The NCBI taxonomy includes 11 351 prokaryotic and 235 426 eukaryotic species with formal scientific names. Unlike other reference databases that provide phylogenetic classification, such as those for 16S sequences, this taxonomy is manually curated from user submissions to reflect the current consensus in the literature, and it is widely used for 16S-based or ITS-based analyses, despite the disclaimer that it is not a primary source for taxonomic or phylogenetic information. The NCBI taxonomy is available for download and browsing at http://www.ncbi.nlm. nih.gov/Taxonomy/.
The primary sequence data collections, mentioned earlier, constitute huge sources of sequence information but, at the same time, their content is often compromised by identification errors and low-quality sequence data [57] . Moreover, it is increasingly time-consuming to query them by similarity searching tools because of the rapidly growing amount of submitted sequences. For this reason, it is necessary to develop specific and quality-controlled reference databases that are able to reduce redundancies, validate sequence annotations and increase accuracy and effectiveness of taxon assignments. These resources would strongly facilitate rapid and accurate largescale species identification in metagenomic surveys.
Although eukaryotes other than Fungi are not the focus of this survey, much work has been done in applying amplicon-based metagenomics to the 18S rRNA gene [58, 59] , facing similar problems as with Archaea, Bacteria and Fungi. In particular, the problem remains of choosing a hyper-variable region that behaves similarly to the whole 18S rRNA sequence [60] .
16S resources
The Ribosomal Database Project (RDP) [61] provides phylogenetic classification for the prokaryotic organisms in the sequence databases of the INSDC. Work in the project started in the year 1989 at the University of Illinois at Urbana-Champaign. The first release was published in 1992, where the number of 16S rRNA sequences was just 471. After some releases, the project moved to Michigan State University in 1998. Since 2005, sequences are screened with Pintail [62] to detect chimeras and errors in sequence assembly, using a model of the 16S rRNA intragene variability to compare each sequence with several high-quality related sequences. If all the comparisons fail, the sequence is marked as suspect, but not removed. As of this writing, RDP contains 2 110 258 sequences, of which 2 017 562 are classified as bacterial sequences (292 001 of which come from cultured organisms) and 92 463 are classified archaeal sequences (3442 of them coming from cultured organisms). The backbone of the RDP taxonomy consists of 9319 bacterial and 380 archaeal type strain 16S sequences, which help to link taxonomy and phylogeny [63, 64] . The RDP taxonomy and all its related services are available for download and browsing at http://rdp.cme.msu.edu/.
Greengenes [65, 66] provides phylogenetic classification for the 16S sequences in GenBank [55] . One of its goals is to incorporate suggestions and manual curations from its user community, ranging from the overriding of some fields in the database to the proposal of a new name for a taxonomic group. The current latest version of the database has incorporated the tax2-tree tool, allowing the transfer of a donor taxonomy (RDP, Greengenes, Greengenes normalized, NCBI, HOMD [67] or SILVA) to a recipient tree. In previous releases, chimeric sequences and other PCR artifacts were screened with a 16S-specific version of Bellerophon [68] , which looks for differences in the distance measure between two sequences at the left and the right of an assumed recombination point. Currently UCHIME [69] and ChimeraSlayer [51] are used, both of which can take a database of known non-chimeric sequences, although UCHIME also works in a denovo mode. Greengenes is compatible with the ARB software suite [70] , providing an import filter to keep a local ARB database synchronized with the Greengenes database. The Greengenes taxonomy includes 1 049 116 aligned sequences of length >1250 nucleotides. It is available for download and browsing at http://greengenes.lbl.gov/.
SILVA [44] provides phylogenetic classification for the small and large rRNA subunits for Bacteria, Archaea and Eukarya in the European Nucleotide Archive [54] . SILVA provides two different alignments for 16S rRNA: SSU Parc, with 2 492 653 sequences, is intended for biodiversity analyses, its quality filtering is basic and there is no guiding tree. SSU Ref, with 618 442 sequences, contains only high quality, nearly full-length sequences, and it is intended for phylogenetic analysis and probe design. These alignments are computed in an incremental way with SINA (SILVA Incremental Alignment), starting with a highly curated seed. The screening of anomalous sequences is done with Pintail [62] , the same tool used in RDP. SILVA is built on top of the ARB software suite [70] , and its taxonomy is available for download and browsing at http://www.arb-silva.de/.
EzTaxon-e [71, 72] provides phylogenetic classification for the type strain 16S sequences in GenBank [55] , in contrast with previous resources that also include environmental sampled sequences. The EzTaxon-e taxonomy includes 32 564 bacterial and 2411 archaeal 16S type strain 16S sequences. It is available for browsing at http://eztaxon-e.ezbio cloud.net/. LTP [73] [74] [75] provides phylogenetic classification for the organisms with valid species names in the Systematic and Applied Microbiology journal. The LTP taxonomy includes 8494 bacterial and 321 archaeal type strain 16S sequences from SILVA. It is available for download at http://www.arb-silva.de/ projects/living-tree/. See Table 1 for a comparison of these 16S resources.
The latter nomenclature effort is of outmost importance, as 16S reference databases do not always agree on species names, despite some cross-annotation of sequence identifiers. They do not always agree on taxonomy either [65] , and the strict consensus [76] tree of 165 bacterial and archaeal type cultures from five 16S reference databases ( Figure 1 ) reveals large polytomies where the alternative taxonomies are in disagreement. Nevertheless, type cultures provide a common taxonomic backbone [63, 64] , taxonomic groups can be transferred between taxonomies [66] , and an edit script [78] can make the use of alternative taxonomies transparent.
The SILVA, Greengenes and LTP reference databases can readily be used with the standalone program ARB [70] , which includes tree browsing, sequence alignment, primary and secondary structure editing, phylogenetic analysis and probe design functionalities. SILVA and Greengenes also offer similar functionalities as web services, along with phylogenetic classification. EzTaxon-e, on the other hand, cannot be used standalone, and it only offers sequence alignment and phylogenetic classification as web services.
The RDP reference database can be used with the standalone programs RDP Classifier, for phylogenetic classification, and LibCompare, for detecting differentially represented taxa between samples. Further functionalities offered as web services include tree browsing, sequence alignment, phylogenetic analysis, probe design, an integrated pipeline for processing large Roche/454 sequence libraries and an assignment generator for classroom use.
ITS resources
Although there are several specialized reference databases for 16S rDNA sequences, the state of the art for ITS is lacking, particularly for ITS1. Indeed, most of the bioinformatic assignment of fungal species has been performed by directly comparing unknown sequences with those included in the INSDC [52] . Unfortunately, taxonomic annotation at the deepest levels is often missing in the ITS sequences stored in INSDC [79] . In addition, the coverage of both the ITS1 and ITS2 regions is often incomplete and incorrectly annotated. These shortcomings negatively affect the identification of fungal species based on ITS markers. Both quality and quantity of accurately assigned taxa become a particularly overstated issue in metagenomic studies where even hundreds of species are to be simultaneously recognized. Accordingly, the need for new, specialized and correctly annotated resources providing phylogenetically classified ITS sequences has become mandatory. Given later is a brief description of the most relevant initiatives in this direction, which, however, only partially fill the gap.
Sequence, structure and taxonomic classification of all ITS2 from Genbank constitute the core objects of the ITS2 Database III [80] . This specialized resource aims to support integrated sequence/structure evolutionary studies, thus allowing to full exploitation of the phylogenetic potential of this molecule. Indeed, secondary structures may effectively complement primary sequence analysis in refining alignments and in phylogenetic tree reconstruction. From a strict metagenomic point of view, the ITS2 Database III is a taxonomically comprehensive reference data source for species assignment, where sequence annotations have been restructured and refined by combining Hidden Markov Model (HMM) delineation of ITS2 start and end positions with Genbank location information. In particular, the HMM profiles of 5.8S and 28S rRNA genes, which flank ITS2 in the ribosomal RNA coding cistron, were mapped on the sequences to be included in the database in order to infer the ITS2 boundaries. At the same time, also the start and end positions reported in GenBank have been extracted and compared with the HMM annotation. Currently, 213 357 eukaryotic sequences, directly folded and homology modelled, have been annotated European Ectomycorrhizal Fungi. Taxa reliability was ensured by obtaining sequences from well-annotated (voucher) fruiting bodies identified by experts and deposited in public herbaria. Subsequently, to adapt the database facilities to the increasing spread of environmental experiments, the geographical and taxonomical restrictions were lifted. Currently, the database also holds all fungal ITS sequences (http:// unite.ut.ee/) of the INSDC databases [52] and accepts sequences from any geographical origin or fungal taxon. To be accepted, the submitted sequences have to cover the entire ITS region, be supported by a voucher, and their authors have to be clearly expert in the considered taxon. Another attracting feature of UNITE is that INSDC sequence annotations can be enriched by users who can add both metadata, such as environmental features and ecological information, and additional species identifications resulting from any performed analyses. A renewed submission process makes it possible to deposit even large datasets including environmental sequences if they are well annotated and non-redundant. Handling and analysing sequences is possible through a project management system called PlutoF (http://plutof.ut.ee/) [83] . BLAST of environmental sequence datasets against UNITE and INSDC is currently implemented. Finally, two GALAXIE [84] applications that provide web-based phylogenetic analysis have been included: galaxieBLAST can be used to infer phylogenetic affiliation of taxonomically unknown sequences and galaxieHMM can be applied to align query sequences to four taxonomically determined pre-computed alignments. UNITE collaborates with the Fungal Environmental Sampling and Informatics Network (http://www.bio.utk.edu/ fesin/), which provide a geographically considerable reference collection of fungal sequences for environmental samples characterization. The UNITE database is available at http://unite.ut.ee/.
Noteworthy is also the Emerencia web-service [85] whose aim is to improve the characterization of insufficiently identified fungal ITS sequences stored in GenBank. On the basis of GenBank annotation, the sequences are divided into identified and insufficiently identified categories. The insufficiently classified ITS are periodically blasted against all the fungal ITS belonging to both categories. Users can access BLAST results by querying Emerencia by a single unidentified sequence or by searching all those belonging to a particular genus of Fungi. Within the query results, the best matches to both the identified and insufficiently identified datasets are shown, allowing the user to infer the taxonomical paternity of query sequences. Even if this resource cannot be considered a suitable reference database for metagenomics, mainly because of the fact that researchers cannot submit and blast their own environmental sequences dataset, it could be very useful in a preliminary step for refining the taxonomical identity of sequences in the database chosen as a reference collection. Emerencia is available at http://www.emerencia.org/.
Finally, the AFTOL (Assembling the Fungal Tree of Life) database (http://www.aftol.org/) [86] is a relevant resource for the characterization of fungal communities thanks to its broad datasets of molecular (8 gene loci including ITS) and non-molecular (e.g., morphological) characters across the Fungi kingdom. However, it has not been designed as a reference database for taxonomic assignment of metagenomic data.
The ITSoneDB
Although a large number of sequences collected in the databases described earlier include the ITS1 region, a specialized resource focused on this region is still needed at present where taxonomical annotation and sequence delineation be robustly validated. Indeed, ITS1 is gaining an increasing popularity to unravel the deeper taxonomic structure of environmental fungal communities because this region evolves more rapidly than ITS2 [30] , and much attention has been focused on it as a better discriminating species marker [87] [88] [89] . However, several conflicting observations have been presented [90] . In any case, the power of ITS1 in discriminating fungal species can be better exploited, if all its sequences are correctly annotated in a dedicated reference database. To reach this goal and provide a comprehensive reference resource for ITS1-based metagenomic studies, we have developed ITSoneDB, a comprehensive collection of ITS1 sequences belonging to the Fungi kingdom, which is available for download and browsing at http://itsonedb.ba.itb.cnr.it/. To generate, maintain and upgrade ITSoneDB data, we designed a multi-step Python workflow (Figure 2 ).
In the initial step, a collection of fungal candidate sequences to be included in our dataset was created by a textual query in GenBank (release 186, August 2011). A set of 525 891 entries was obtained. To identify the ITS1 region a dictionary was built containing all terms and synonyms used in the GenBank Feature Table, to recognize more significantly this region. In the second step, we extracted the start and end positions of each ITS1 region annotated in GenBank, selected using the Workflow showing the main steps of the pipeline procedure for ITSoneDB generation. The software components of the pipeline are implemented in Python programs except the ETL module for database population, implemented in Java. In the initial step, a collection of fungal candidate sequences containing ribosomal cluster genes (18S rRNA^ITS1^5.8S rRNA) was created by a textual query executed in the GenBank database. The collected entries are addressed to two different branches of the workflow to extract or to infer the ITS1 boundaries. On the left branch, by a pre-compiled dictionary of common ITS1 definition synonymous, the procedure detects and extracts ITS1 start and end sites from GenBank entries feature tables annotations. On the right branch, ITS1 boundaries are inferred by mapping HMM profiles of flanking 18S and 5.8S ribosomal RNA genes by means of the hmmsearch tool included in HMMER 3.0. The data obtained from the left and right branches, after merging duplicate entries and defining a reference entry for each species cluster, are used to populate the database. dictionary terms as search criterion. This step allowed us also to identify 356 339 entries for which there is a complete annotation of the ITS1 localization (that is, both start and end positions are reported), and they have been used, initially, to populate the database. A great variability in ITS1 size, from a few nucleotides to >1000 nucleotides, is observed in this collection (Figure 3) . The third step consisted in validating and, eventually, redesigning the ITS1 boundaries by mapping HMM profiles of flanking genes for 18S and 5.8S ribosomal RNA on each sequence belonging to our previously obtained 525 891 GenBank ITS1 collection by means of the hmmsearch tool included in HMMER 3.0 [91, 92] . The adopted HMM profiles have been created for this purpose by HMMER 3.0 on the basis of the reference alignments of 18S (RF01960) and 5.8S (RF00002) stored in the RFAM database (http://rfam.sanger.ac.uk/).
The hmmsearch output was then parsed on the basis of E-value and posterior probability ('a measure of how reliable the overall alignment is' [92] ), to select the most significant matches. In few cases (0.2%), the presence of an intron in the 18S rRNA gene required additional analysis to correctly map this region on our sequences collection and define the ITS1 limits. At the end of the HMM-based analysis, we inferred both ITS1 boundaries for 73 509 sequences. In all, 24 415 of these sequences were already included in the database presenting also the start and end position annotation from GenBank. As subsequently specified, for these sequences both types of annotations are reported in ITSoneDB. Conversely, the ITS1 boundaries for 49 094 sequences without GenBank information were precisely detected and sequences equally included in the database (Figure 4 ). In conclusion, our HMM analysis allowed us to remarkably enlarge the number of ITS1 sequences with positional annotation to be used as reference collection. The described approach has proved successful to exactly delineate ITS1 start and end positions in a wide range of fungal taxa included in GenBank ( Figure 5 ), thanks to the high degree of conservation of the mentioned flanking regions.
An ETL (Extract, Transform, Load) software [93] was used to populate ITSoneDB, structured as a relational database, using sequences and annotation elaborated in the pipeline described earlier. At present, our database contains 405 433 entries with both start and end ITS1 positions defined by GenBank annotations and/or the HMM-based method. The length distribution of all the ITSoneDB sequences is reported in Figure 3 .
In the database, ITS1 sequences are identified by GenBank accession (AC) number and their related gene information number, and they are coupled with associated information like species name, lineage, ITS1 length, annotated and predicted start/end positions, 18S rRNA and 5.8S rRNA flanking sequences, E-value and posterior probability used to define the HMM-predicted ITS1 borders. A BioJava [94] procedure was developed to update the ITSoneDB content detecting new or changed entries from a new GenBank release. ITSoneDB is available as a web application developed using the J2EE platform. All the ITS1 associated information, listed earlier, are used as criteria to search the database content by a flexible 'advanced search' page using Boolean operators; ITS1 sequences can be also selected by their taxonomic classification using an interactive tree visualization representing the Fungi section of the NCBI taxonomy [45] .
One of the main characteristics of the ITSoneDB database is the ability to export ITS1 sequences in a flexible manner to create custom datasets suited as a reference database for a particular metagenomic study. From the query result page, the users are able to extract and locally save, in FASTA format, all or selected queried sequences, and to choose GenBank annotation and/or HMM annotation. Furthermore, it is possible to extract a user-chosen number of 18S and 5.8S flanking base pairs. The complete ITS1 sequences dataset present in ITSoneDB is also available in FASTA format.
In ITSoneDB, for each species, a representative ITS1 sequence is randomly selected after a crosssimilarity analysis within each species-specific cluster among those fitting the following criteria: (i) highly similar to the largest number of sequences within the same species-specific cluster, i.e. belonging to the largest species-specific subcluster; (ii) ITS1 boundaries defined by HMM; (iii) longest sequence in the species-specific subcluster. Thanks to this capability, researchers interested in the phylogenetic studies can easily obtain an informative sequence for each species to be included in their analysis.
The main purpose of ITSoneDB is to provide a curated collection of reference ITS1 sequences to be used in similarity search analysis of metagenomic amplicon datasets, that is the first step of the complex analysis workflow to assess their taxonomic composition. To prove the effectiveness of ITSoneDB with respect to UNITE database, we carried out a benchmark test (Supplementary Figure 1 and ITSoneDB online documentation) using an ITS1 dataset generated by 454 from a fungal community of truffle grounds soil (SRR174891). The results show a considerably larger number of reads significantly matching with ITSoneDB than with UNITE.
Planned future developments of ITSoneDB include a BLAST search facility to allow the users to compare their own environmental sequence datasets directly with the database content, as required by the most popular metagenomic analysis workflows. Furthermore, the 'all against all' similarity analysis, already carried out for each species-specific cluster for the definition of the reference entry, will be used also for identifying outlier sequences possibly because of species misannotation. The potential misannotated entries together with those that have missing or partial annotations (such as the ones belonging to the unclassified Fungi group) will be then cross-matched against the whole database to possibly assess or de novo infer their phylogenetic assignment. These entries will maintain their original species ID, but with an enriched annotation showing their entry/species best match. In this way, we will be able to identify and annotate eventual doubtful taxonomical classifications. This functionality seems crucial, if we consider that the majority of sequences in need of taxonomical identification belong to environmental sampled organisms and are associated with a richer collection of metadata, such as ecological and geographical information. The possibility to integrate these environmental additional data with an accurate taxonomical annotation in the reference database is very precious in every metagenomic study.
CONCLUSIONS
The possibility of characterizing on a large scale the taxonomic complexity of microbial environments through the amplicon-based metagenomic approach is strictly dependent on the availability of reference databases and taxonomies. As clearly shown in Table 2 , to date, the major efforts have been addressed in the direction of specialized resources focused on the16S rRNA gene, which is typically used as a genetic species marker in Bacteria and Archaea. These resources are numerous and rich enough to provide a solid support for the metagenomic survey of the bacterial microbiome. Conversely, the state of ITS reference databases is notably less advanced. This represents a considerable limitation for metagenomics researchers who are increasingly interested in the fungal microcosm. Moreover, it has become clear that it is not possible to obtain a realistic representation of a microbial habitat unless all its components and their relationships are fully identified. Unfortunately, molecular systems for largescale species assignment in metagenomics are nowadays strongly biased from the described imbalance of reference sequences databases. In this scenario, ITSoneDB has been developed to contribute to a taxonomically more homogeneous reference database for metagenomic analysis, facing the urgent need to robustly support the taxonomical characterization of fungal environmental communities too.
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